be smaller than those at the bottom of conduction band. For type B and C samples, nonparabolicity of the conduction band will be more severe, because of the higher value of 8 0 .
I. INTRODUCTION
There is great interest in creating current injection pumped semiconductor lasers from the wide bandgap AlInGaN material system to obtain short wavelength light [1] , [2] . Due to difficulties in growing high quality materials, this goal has only recently been achieved [3] , [4] . Other devices based on the wide bandgap materials, such as light emitting diodes [5] - [7] , transistors [8] , and detectors [9] , have been demonstrated. Numerical simulations of nitride based lasers are needed to give experimentalists some indication of the threshold currents expected with the materials available. There have been several theoretical predictions of gain and threshold currents in nitride based wide bandgap lasers [10] - [13] . However, these theoretical works have not taken into account the complete structure of the laser, and important factors such as charge carrier emission at heterojunctions, current spreading and carrier leakage out of the active region.
We have previously simulated InGaN/AlGaN light emitting diodes [14] and obtained results which agreed well with experiments, demonstrating that numerical simulations of wide bandgap nitride based semiconductor devices can aid in their development. We have now performed 2-D numerical simulations of semiconductor lasers using a version of the MINILASE [15] program which we have modified for wide bandgap laser simulations.
II. SIMULATION PROCEDURE AND DEVICE STRUCTURE
The simulation program solves, over a 2-D cross section of the device, Poisson's equation, the electron and hole continuity equations, and the wave equation. Thermionic emission is included for electrons and holes at the heterojunctions. The spontaneous recombination rate and gain are calculated by integrating the electron and hole distributions in the energy bands of the device according to formulas derived from Fermi's golden rule and assuming the k-selection rule holds [16] . The threshold for lasing is reached when the modal gain equals the optical losses present. Because improving material quality by reducing optical losses is an active research area, we have considered limiting cases of very low and very high optical losses to give an idea of the effects losses have on the threshold current density, The double heterostructure (DH) edge emitting semiconductor laser's structure, dimensions and dopant concentrations are shown in Fig. 1 . A narrow stripe laser is simulated here because this type of laser is able to produce enough saturable absorption for self sustained pulsations (SSP) to occur as was demonstrated for an AlGaAs laser in which SSP occurs for stripe widths less than 2.5 m [17] . SSP is a practical method for reducing excess noise in semiconductor lasers, especially in the field of optical disc systems [18] . This is one field where there is great interest in blue to ultraviolet light emitters, because, with shorter wavelength light, the density of optically stored information is greater. The modal gain for the first order lasing mode, calculated considering the overlap of the optical field and the material's gain, will be larger in narrow stripe nitride based lasers than arsenide based lasers because the lower charge carrier mobility in the nitride based lasers leads to much less current spreading.
Parameter values for AlN and GaN are listed in Table I . Values for AlxGa10xN were obtained by taking corresponding proportions of the values for the constituent compounds. The band offset between AlN and GaN was taken as 1E c = 2:3 eV [19] , [20] and linearly scaled for Al x Ga 10x N=GaN=Al x Ga 10x N structures. The large increase of J th on the left of the minimum for the AlGaN/GaN curves in Fig. 2(a) , as the losses increase, demonstrates that for even higher optical loss materials, the threshold for lasing will be easier to reach if the active region is thicker than the thickness at the minimum J th : As an example, when d = 0:2 m; J th increases 1.1 A/cm when the losses increase from 157/cm to 320/cm. However, when the d = 0:04 m; J th increases by 16.5 A/cm for the same increase in losses. Fig. 3 presents the mode confinement factors, which were obtained from a 2-D solution of the optical wave equation and used in these simulations, for the AlGaN/GaN and the AlGaAs/GaAs lasers. There is a smooth increase in the confinement factor for both lasers as the active region thickness increases, but the confinement factor is slightly larger for the nitride based laser, due in part to the propagation of shorter wavelength light. As the active region's thickness is reduced, the confinement factors approach one another indicating that mode confinement has a minor role in the difference in behavior at very narrow active region thicknesses.
III. RESULTS AND DISCUSSIONS
Maximum gain versus nominal current density is plotted in Fig. 4 for a GaN laser. Nominal current density equals the current lost to radiative recombination in a double heterostructure laser [16] . For the AlGaN/GaN laser with a loss of 320/cm, Fig. 2(a) shows that the minimum threshold current is 3 A/cm and occurs in a DH structure with an active region thickness of 0.15 m: Fig. 4 demonstrates that if all the injected carriers recombined radiatively, the equivalent threshold current would be between 0.343 A/cm and 1.72 A/cm. These values are obtained by multiplying the nominal current density required for a gain of 320/cm by the active region thickness and either the stripe's width or the active region's width, respectively. Because of current spreading, the true value that should be used here is between these two extreme values. The increased threshold current obtained in the simulations demonstrates that complete 2-D numerical simulations are necessary to account for the loss of carriers through mechanisms other than radiative recombination as well as the effect of the true mode confinement factor on modal gain. Fig. 5 demonstrates that for thinner active regions than at the minimum in the low loss curve for the AlGaN/GaN laser in Fig. 2(a) , (e.g., d = 0:04 m or d = 0:05 m; ) there is a fast increase in J th as the losses increase. On the other hand, for thicker active regions than at the minimum, (e.g., d = 0:3 m; ) there is a slow rate of increase in J th as the losses increase. This figure also shows J th 's rate of increase is higher when higher optical losses are present.
These effects occur because of the following scenario observed in these simulations. As the losses increase, the current density required at threshold increases. However, as d decreases the number of carriers that traverse the active region without recombining increases. Because of the large barrier, thermionic emission of charge carriers out of the active region is low. These carriers accumulate in the active region causing the quasi-Fermi levels to move further into the bands. Charge carriers with energies near the quasi-Fermi levels, therefore, have a lower barrier to surmount and can easily leave without recombining or increasing the gain.
With increased charge carrier confinement to the active region, by larger barriers, the threshold current is lower and has a smaller rate of increase as the losses increase. This is demonstrated by the dashed curve in Fig. 5 , which is for an Al0:8Ga0:2N=GaN=Al0:8Ga0:2N laser. This laser has a barrier of 1.84 eV for electrons in the active region compared to a barrier of 0.92 eV for the other curves in Fig. 5 .
IV. CONCLUSION
In summary, we have investigated threshold current density versus active region thickness for AlGaN/GaN lasers for different optical loss values and compared these to curves for AlGaAs/GaAs lasers. Our results indicate that greater success in developing wide bandgap lasers will occur with DH lasers having active regions thicker than at the minimum in the J th versus d curve. Other methods for increasing confinement of carriers such as using stopper layers will cause further reduction in the lasing threshold current densities of very narrow active region lasers [14] , [21] .
